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QUANTITATIVE HISTOCHEMISTRY OF THE PRIMATE SKIN
I. HEXOKINASE5
K. ADACHI, M.D., Pn.D. AND S. YAMASAWA, B.S.
Microbiochemical methods devised mainly by
Lowry permit the measurement of a variety of
enzyme activities in 0.5 to 5 g samples of
frozen dried sections (1, 2). Most of the methods
are based on fluoromctric analysis which yields
remarkable sensitivity with relative simplicity.
Hershey and his associates have succeeded in
adapting these methods for the study of several
enzymes in human skin and appendages (3).
Clearly, these data supplement the results ob-
tained by histological or histochemical tcchnics.
A series of quantitative histochemical studies
has been undertaken to support and supplement
the vast data on the skin of primates obtained
by Montagna and his associates and should
serve as baseline observations for studies in ex-
perimental carcinogenesis, wound healing, etc.
In this study we have assayed and partially
characterized hexokinase activities in the skin
of several species of primates.
MATERIALS AND METHODS
Skin specimens from tbc scalp (parietal region),
lip and sole were obtained from adolescent male
rhesus monkeys (Macace mulatta), stump-tail
macaques (Macace speciosa), and green monkeys
(Cercopithecus aethiops). Samples approximately
1 )< 2 cm were obtained from anesthetized animals,
immediately dropped into liquid nitrogen, and then
cut 30 to 50 p in thickness at —20° C in a cryo-
stat. Frozen sections were vacuum dried for 6 to
12 hours. Small samples (0.5 to 5.0 zg) were dis-
sected from these sections under the stereomicro-
scope, weighed with a quartzflber flshpole balance,
and transferred into small test tubes (2.5 X 50 mm)
for subsequent enzyme assay. Details of the in-
strumentation and the technics have been described
elsewhere (1,3).
To obtain the optimum condition for the en-
zyme activity we used cpidermal homogenates of
the rhesus monkey skin. Fresh epidermis was ob-
tained with a Keratotomt from abdominal and
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chest regions and homogenized at a concentration
of 1 to 5% in water with a ground glass homoge-
nizer.
The assay method used for hexokinase was es-
sentially that of Lowry and Passonneau (2). It is
based on the measurement of the product G-6-P°
by the addition of an auxiliary enzyme, C-6-P
dehydrogenase1. Accordingly NADP-coupled con-
version of G-6-P to gluconolactone-6-phosphate
permits highly sensitive fluorometric determina-
tions of the NADPH formed. The following sub-
strate reagent yielded an optimal condition for the
hexokinase: 4 mM glucose, 3 mM ATP, 0.3 mM
NADP, 5 mM MgCl2, 10 mM K2HPO4 (pH, 8),
0.05% bovine plasma albumin, 0.8 units crystalline
G-6-P dehydrogenase, 50 mM Tris-HC1 buffer, pH
8.1, and 5 pl of the homogenate in a total volume
of 100 pl. The mixture was incubated at 37° C for
30 mm. After the reaction was arrested in ice water,
15 pl of the aliquot was transferred into 1 ml of
carbonate buffer, 0.1 M, pH 10.5, in a 3 ml fluorom-
eter tube. The NADPH formed was measured with
a Farrand Model A2 fluorometer using Corning
glass filters—No. 5860 as the primary and No. 4308,
5562, and 3387 as the secondary. Blanks consisted
of reaction mixtures without the enzyme; stand-
ards (6 to 30 mpmoles NADPH/tube) were always
run simultaneously.
For measurements of the hexokinase activities
in the dissected skin and its appendages, 12.5 pl
of the reaction mixture was added to each small
test tube. After incubation at 37° C for 60 mm,
7.5 pl of this aliquot was transferred into 3 ml
fluorometer tubes for the measurement of fluores-
cence as described above.
Stock NADP and NADPH solutions were kept
frozen at —20° C, and their purity and stability
were checked at least once every two weeks.
The reproducibility of the method used is highly
satisfactory. Duplicate or triplicate determinations
were run for homogenates and an average of 5
measurements were taken for the dissected frozen-
dried samples.
RE SUITS
The pH curve for hcxokinase in the epidermis
is shown in Figure 1. The optimum pH was
°Abbreviations used are: NADP and NADPH
= nicotinamide adenine dinucleotide phosphate,
oxidized and reduced form; NAD and NADH =
nicotinamide adeninc dinucleotide, oxidized and
reduced; G-i-P = glucose-i-phosphate; G-6-P =
glucose-6-phosphate; ATP = adenosine triphos-
phate.
°NADP, NADPH, ATP, and G-6-P dehydroge-
nase were purchased from Sigma Chemical Com-
pany.
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FIG. 2. Effects of glucose concentration. The re-
action system as in Figure 1 at pH 8.1 with differ-
ent glucose concentrations.
found to be between 7.8 and 8.3. At pH 7.0
hexokinase activity was approximately 80% of
the value obtained at the optimum pH. Figure
2 shows the effect of the substrate (glucose)
concentration. An excess concentration of glu-
cose appears to be slightly inhibitory. Figure 3
shows the effect of ATP concentration. An opti-
mal reaction was obtained at final concentration
of 3 mM; no remarkable inhibition was noted
at 6 mM. The effect of NADP concentration
was also tested up to 0.5 mM of the final con-
centration in the test system since an excess of
pyridine nucleotide occasionally causes some
inhibition. A NADP concentration of 1.5 mM
yielded a nearly optimal reaction and a further
increase in concentration up to 5 mM did not
cause any inhibitory effect. Figure 4 shows the
time course of the reaction and the effect of the
epidermal homogenate concentration. A linear
rate was observed over a wide range, nearly up to
17 mimoIes of NADPH production per reaction
vessel.
Table I shows the results of omitting one
constituent from the test medium. When either
ATP mM
FIG. 3. Effect of ATP concentration. The test
system, as in Figure 2, with a glucose concentration
of 5 mM.
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FIG. 1. pH activity curve. The reaction mixture
as described in the text at different pH's.
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Fio. 4. Effect of enzyme concentration and re-
action rate. The assay system is as described in the
text. The enzyme used was the epidermal homog-
enate, 1.25 to 10%, in 5 d per reaction vessel as
indicated in this figure.
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ATP, glucose MgCI2 or NADP was omitted,
practically no hexokinase activity was assayed.
With the omission of G-6-P dehydrogenase, the
enzyme activity was approximately 1Ao of the
optimal condition; this was considered to be
due to endogenous G-6-P dehydrogenase. This
endogenous G-6-P dehydrogenase obviously is
not sufficient to obtain maximal hexokinase ac-
tivity.
Table II summarizes the hexokinase activities
in the various parts of the skin of these three
primate species. Each figure represents the mean
of 5 determinations. The extent of variation is
TABLE I
Effect of omitting one constituent from the
reaction mixture
Constituent omitted Fluorescence
None* 51.0
Glucose 2.5
ATP 2.0
NADP 0
MgCl2 2.5
G-6-P dehydrogenase 6.0
* The complete system as described in the text.
TABLE II
Hexokinase activity of various skin structures*
Rhesus Stump-tail
macaque
Green
monkey
Scalp
epidermis 520 501 338
hair follicle 410 247 369
eccrine gland 1047 1343 —
apocrina gland — 449 —
sebaceous gland 415 — —
dermis 62 67 15
Sole
keratin layer 8 26.5 28
granular layer
prickle layer
220
473
173
345 276j
basal layer 384 534 744
eecrine gland 696 452 321
dermis 35 38
Lip
mucous upper 826 637 1170
mucous lower 808 615 1600
sebaceous gland 472 412 960
* Hexokinase activity is expressed as mmoles of
glucose phosphorylated per hour per kg of dry
weight (mmoles/hr/kg dry wt).
similar to data reported previously (3). The
regional variation in hexokinase activity in the
rhesus monkey resembles that in the stump-
tail macaque. The highest hexokinase activity
(1 mole/hr/kg dry weight, or higher) was found
in ecerine sweat glands of the scalp, but those
in the soles have one-half or less of the activity.
The apoerine sweat glands and sebaceous glands
in both the rhesus and the stump-tail maeaques
have similar hexokinase activities (400 to 500
mmoles/br/kg dry weight). In the epidermis of
the scalp and of the soles, the prickle and basal
layers have activities of the same order of
magnitude. The horny layer of both epidermis
and dermis appears to have little or no hexo-
kinase activity. The mucous membrane of the
lips has abundant hexokinase activity, particu-
larly in the green monkey.
nisoussro
When blood glucose, an essential nutrient,
reaches and permeates the cells of the skin and
its appendages, the glucose has to be phos-
phorylated by hexokinase before undergoing the
subsequent steps in glycolysis, glyeogenesis or
mucopolysaceharides synthesis. We have found
that primate skin is not capable of catalyzing
non-phosphorylating processes for glucose, such
as the conversion of glucose to glueonie acid
(liver) or that of glucose to sorbitol (in fetal
liver and seminal vesicle) (4) ; therefore, the
phosphorylation of glucose must be the sole
pathway for the utilization of glucose in skin,
and hexokinase is regarded as one of the most
important key enzymes in this respect. Hexo-
kinase systems in the skin and appendages of
these three animals are generally as active as
those reported in brain (2), suggesting the pres-
ence of an active metabolic process in the cells
of the skin.
The much lower activity in the hair follicle
of the stump-tail macaque (0.25 moles/hr/kg)
when compared with that of the rhesus and
green monkeys (0.40 moles/hr/kg) may be due
to the fact that the area studied, the parietal
region of the scalp, is bald in the stump-tail
maeaque and contains only small and resting
hair follicles. Further study of carefully selected
control areas is needed to validate this point.
The finding that the mucous membranes con-
tain more hexokinase activity than the epidermis
is surprising. Perhaps the mucous membranes
have more active glucose metabolism than the
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epidermis, but available data does not permit
us to draw such a conclusion at present.
Our findings in the different layers of the epi-
dermis from the sole show striking quantitative
differences in enzyme activities. The keratin
layer contains little or no hexokinase activity,
and the granular layer has approximately half
of the enzyme activity found in the prickle or
basal layers. These data may reflect a transition
of hcxokinase with the shedding of the epidermis,
and may also indicate the presence of a barrier
layer in or above the granular layer.
5UMMARY
A fluorometric micromethod, applicable to
0.5 to 5.0 pg skin samples, for the determination
of hexokinasc is described. The majority of the
skin and appendages of the rhesus and stump-
tail macaqucs and the green monkey have hexo-
kinase activity in the order of 250 to 500
mmolcs/hr/kg dry weight. The eccrine sweat
glands of the scalp have exceptionally high
hexokinase activity, more than 1 mole/hr/kg
dry weight. The possible physiological role of
hexokinase in the skin as one of the key enzymes
for glucose utilization is briefly discussed.
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